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volatilities, extreme climatic events, and changes
in diet, among other factors. Furthermore, addi-
tional pressures on the global food system are
expected to build in the future. For example, de-
mand for agricultural products is estimated to
increase by about 50% by 2030 as the global pop-
ulation increases (3), which will require a shift
toward sustainable intensification of food systems
(4). The impacts of climate change will have many
effects on the global food equation, both for sup-
ply and demand, and on food systems at local
levels where small farm communities often depend
on local and their own production (5). Thus, cli-
mate change could potentially slow down or re-
verse progress toward a world without hunger.

Here, we offer an overview of the evidence for
how climate change could affect global food sec-
urity, with particular emphasis on the poorer parts
of the world. We deliberately take a broad view of
the complex interactions between climate change
and global food security, stating what we do know
with some degree of confidence, as well as ac-
knowledging aspects where there is little or no evi-
dence. We end by proposing a number of precepts
for those making policy or practical decisions
on climate change impacts and food security.

Food Security
Together, climate change and food security have
multiple interrelated risks and uncertainties for
societies and ecologies. The complexity of global

food security is illustrated by the United Nations’
Food and Agricultural Organization (FAO) (6)
definition: (i) the availability of sufficient quantities
of food of appropriate quality, supplied through
domestic production or imports; (ii) access by in-
dividuals to adequate resources (entitlements) for
acquiring appropriate foods for a nutritious diet;
(iii) utilization of food through adequate diet,
clean water, sanitation, and health care to reach a
state of nutritional well-being where all physio-
logical needs are met; and (iv) stability, because
to be food secure, a population, household or in-
dividual must have access to adequate food at all
times.

It is extremely challenging to assess precise-
ly the current status of global food security from
such a broad concept. However, the big picture
is clear: About 2 billion of the global population
of over 7 billion are food insecure because they
fall short of one or several of FAO’s dimensions
of food security. Enormous geographic differ-
ences in the prevalence of hunger exist within
this global estimate, with almost all countries in
the most extreme “alarming” category situated
in sub-Saharan Africa or South Asia (7) (Fig. 1).

Nevertheless, it is important to note that the
current numbers for undernourished people are
rough estimates at best and are seriously defi-
cient in capturing the access, utilization, and
stability dimensions of food security. First, the
methods used to make these estimates only cap-

ture longer-term trends, not the short-term changes
that can be an important consequence of climate
variability. The most recent data are averages for
the period 2010–2012 (2), so they do not cap-
ture a specific year, let alone shorter-term shocks,
be they climate-related or otherwise. Second, they
estimate calorie shortage only and do not cover
other dietary deficiencies and related health ef-
fects that can impair physical and mental capac-
ities. Third, they are derived from aggregate data,
not actual household or individual-level food de-
ficiencies, which hinders analyses of distribu-
tional effects of climate and other shocks. The
FAO methodology was recently improved (8), but
the above shortcomings could not be addressed
within the framework of the current method, and
thus, current analyses of climate change impacts
on food security are incomplete. An overhaul of
data-gathering methods that encompasses food
deficiencies at household levels, as well as nu-
tritional status, is needed.

Climate Change
There is a substantial body of evidence that
shows that Earth has warmed since the middle
of the 19th century (9–14). Global mean tem-
perature has risen by 0.8°C since the 1850s, with
the warming trend seen in three independent tem-
perature records taken over land and seas and in
ocean surface water (15). Climate change can
result from natural causes, from human activities

Fig. 1. Global distribution of hunger as quantified by the 2012 Global
Hunger Index. TheWelthungerhilfe, IFPRI, andConcernWorldwideHungermap2012
calculated a Global Hunger Index (7) for 120 countries by using the proportion of

people who are undernourished, the proportion of children under 5 who are under-
weight, and the mortality rate of children younger than age 5, weighted equally.
[Reproduced with permission fromWelthungerhilfe, IFPRI, and ConcernWorldwide (7)]
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in diet, among other factors. Furthermore, addi-
tional pressures on the global food system are
expected to build in the future. For example, de-
mand for agricultural products is estimated to
increase by about 50% by 2030 as the global pop-
ulation increases (3), which will require a shift
toward sustainable intensification of food systems
(4). The impacts of climate change will have many
effects on the global food equation, both for sup-
ply and demand, and on food systems at local
levels where small farm communities often depend
on local and their own production (5). Thus, cli-
mate change could potentially slow down or re-
verse progress toward a world without hunger.

Here, we offer an overview of the evidence for
how climate change could affect global food sec-
urity, with particular emphasis on the poorer parts
of the world. We deliberately take a broad view of
the complex interactions between climate change
and global food security, stating what we do know
with some degree of confidence, as well as ac-
knowledging aspects where there is little or no evi-
dence. We end by proposing a number of precepts
for those making policy or practical decisions
on climate change impacts and food security.

Food Security
Together, climate change and food security have
multiple interrelated risks and uncertainties for
societies and ecologies. The complexity of global

food security is illustrated by the United Nations’
Food and Agricultural Organization (FAO) (6)
definition: (i) the availability of sufficient quantities
of food of appropriate quality, supplied through
domestic production or imports; (ii) access by in-
dividuals to adequate resources (entitlements) for
acquiring appropriate foods for a nutritious diet;
(iii) utilization of food through adequate diet,
clean water, sanitation, and health care to reach a
state of nutritional well-being where all physio-
logical needs are met; and (iv) stability, because
to be food secure, a population, household or in-
dividual must have access to adequate food at all
times.

It is extremely challenging to assess precise-
ly the current status of global food security from
such a broad concept. However, the big picture
is clear: About 2 billion of the global population
of over 7 billion are food insecure because they
fall short of one or several of FAO’s dimensions
of food security. Enormous geographic differ-
ences in the prevalence of hunger exist within
this global estimate, with almost all countries in
the most extreme “alarming” category situated
in sub-Saharan Africa or South Asia (7) (Fig. 1).

Nevertheless, it is important to note that the
current numbers for undernourished people are
rough estimates at best and are seriously defi-
cient in capturing the access, utilization, and
stability dimensions of food security. First, the
methods used to make these estimates only cap-

ture longer-term trends, not the short-term changes
that can be an important consequence of climate
variability. The most recent data are averages for
the period 2010–2012 (2), so they do not cap-
ture a specific year, let alone shorter-term shocks,
be they climate-related or otherwise. Second, they
estimate calorie shortage only and do not cover
other dietary deficiencies and related health ef-
fects that can impair physical and mental capac-
ities. Third, they are derived from aggregate data,
not actual household or individual-level food de-
ficiencies, which hinders analyses of distribu-
tional effects of climate and other shocks. The
FAO methodology was recently improved (8), but
the above shortcomings could not be addressed
within the framework of the current method, and
thus, current analyses of climate change impacts
on food security are incomplete. An overhaul of
data-gathering methods that encompasses food
deficiencies at household levels, as well as nu-
tritional status, is needed.

Climate Change
There is a substantial body of evidence that
shows that Earth has warmed since the middle
of the 19th century (9–14). Global mean tem-
perature has risen by 0.8°C since the 1850s, with
the warming trend seen in three independent tem-
perature records taken over land and seas and in
ocean surface water (15). Climate change can
result from natural causes, from human activities

Fig. 1. Global distribution of hunger as quantified by the 2012 Global
Hunger Index. TheWelthungerhilfe, IFPRI, andConcernWorldwideHungermap2012
calculated a Global Hunger Index (7) for 120 countries by using the proportion of

people who are undernourished, the proportion of children under 5 who are under-
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[Reproduced with permission fromWelthungerhilfe, IFPRI, and ConcernWorldwide (7)]
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Figure 1 | Percentage yield change as a function of temperature for the three main crops and for temperate and tropical regions for local mean
temperature changes up to 5 �C (n = 1,048 from 66 studies). Shaded bands indicate the 95% confidence interval of regressions consistent with the data
based on 500 bootstrap samples, which are separated according to the presence (blue) or absence (orange) of adaptation. Note that four data points
across all six panels are outside the yield change range shown. These were omitted for clarity. Supplementary Fig. 4 shows data from across all
temperatures and yield ranges.

change in both tropical and temperate regions is yield reductions.
Furthermore, the bootstrapped fits to no-adaptation studies in both
regions indicate robust yield reductions for all crops over most
of the temperature range, especially after 2 °C of local warming.
The geographical distribution of rice, wheat and maize studies is
reflected in the distribution of data points in Fig. 1: most wheat
is grown in temperate regions, most rice is grown in the tropics
and maize has a more even geographical spread with the leading
producers being the USA and China.

Adaptation provides clear benefits for wheat and rice: the central
tendencies indicate that most yield loss in wheat may be avoided,
or even reversed, in tropical regions up to 2–3 °C of local warming
and in temperate regions across a broad range of warming. Tropical
rice also shows potential for avoided loss for a large range of
temperatures but there is a lack of data for temperate rice. In
contrast, there is little evidence for the potential to avoid yield loss
in maize, particularly in tropical regions, where there is even a
negative—though not clearly separated—impact of adaptation. This
counterintuitive result is due to the di�erent modelling methods
used by the studies with and without adaptation. For example, more
than 30% of the data points (4/13) for adapted maize with yield
reduction of more than 20%, at local mean temperature increases
of greater than 3.5 �C, come from a single study15, which has large
negative impacts both with and without adaptation. Inferences
regarding adaption made using Fig. 1 therefore have inherent
limitations due to asymmetry in the number of data points with and
without adaptation.

As a complement to the bivariate comparisons, a general
linear model was fitted to all entries (n= 882) that had complete
information on changes in yield (1Y ), temperature (1T ),
CO2 (1CO2) and precipitation (1P). The linear model should be

interpreted with caution, because roughly half of the entries had
incomplete information and were omitted from this analysis, and
because no attempt was made to weight studies by their quality or
representativeness of major production regions. Three categorical
variables describing treatment of adaptation (A: yes or no), region
(R: temperate or tropical) and crop metabolism (M: C3 or C4) were
included in the model (we also included a cluster variable study,
S, to control for non-independence, see Methods). The results
indicate highly significant (t=�3.92; P<0.0001) negative impacts
of warming, with an average yield loss of 4.90% per °C (Table 1).
The overall sensitivity of yields to1T is consistent with estimates of
global mean sensitivity derived from statistical analyses of historical
crop yields. For example, an analysis of global wheat yield and
temperature time series resulted in an inferred sensitivity of 5.4%
per °C, with larger sensitivities for maize, barley and sorghum,
and smaller values for rice and soy16. The model also inferred
significant positive e�ects of precipitation (t =3.0; P=0.0031) and
CO2 (t=3.1; P=0.0022) with average yield increases of 0.53% (per
% 1P), 0.06% (per ppm 1CO2), respectively (Table 1). Adaptation
was also significant (t=2.3; P=0.022) with adapted crops yielding
on average 7.16% greater than non-adapted (Table 1).

The impact of adaptation is also evident in Fig. 2, which plots
projections from all studies that had paired yield values for both
with and without adaptation, each derived for the same climate
scenario and with the same crop model. The estimated gains of
7–15% from incremental crop-level adaptation in Table 1 and
Fig. 2 are similar to previous assessments on national17 and global3,7
scales. Figure 2 uses paired adaptation studies, whereas the linear
model, which produces adaptation gains of 7.15%, includes all
data. Thus we expect the gains from adaptation to be at the upper
end of the range shown in Table 1 and Fig. 2. The e�ectiveness
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through the emission of greenhouse gases such as
carbon dioxide and methane, and from changes
in land use. Carbon dioxide (CO2) levels in the
atmosphere have increased from about 284 ppm
in 1832 to 397 ppm in 2013 (16), and there is a
theoretical link between the levels of such “green-
house” gases in the atmosphere and global warm-
ing. Three independent reviews have found strong
evidence for human causes for the observed tem-
perature warming mainly caused by the burning
of fossil fuels, with smaller contributions from
land-use changes (15–18).

Thus, climate change is expected to bring
warmer temperatures; changes to rainfall pat-
terns; and increased frequency, and perhaps sever-
ity, of extreme weather. By the end of this
century, the global mean temperature could be
1.8° to 4.0°C warmer than at the end of the pre-
vious century (15). Warming will not be even
across the globe and is likely to be greater over
land compared with oceans, toward the poles,
and in arid regions (15). Recent weather records
also show that land surface temperatures may be
increasing more slowly than expected from cli-
mate models, potentially because of a higher
level of absorption of CO2 by deep oceans (19).
Sea-level rises will increase the risk of flooding
of agricultural land in coastal regions. Changes in
rainfall patterns, particularly over tropical land,
are less certain, partly because of the inability of
the current models to represent the global hy-
drological cycle accurately (20). In general, it is
expected that the summer Asian monsoon rainfall
may increase, while parts of North and southern
Africa could become drier (15). How will these
regional changes in climate affect food security?

Research Biases
Agriculture is inherently sensitive to climate var-
iability and change, as a result of either natural
causes or human activities. Climate change caused
by emissions of greenhouse gases is expected to
directly influence crop production systems for food,
feed, or fodder; to affect livestock health; and to
alter the pattern and balance of trade of food and
food products. These impacts will vary with the
degree of warming and associated changes in rain-
fall patterns, aswell as from one location to another.

Climate change could have a range of direct and
indirect effects on all four dimensions of food sec-
urity. How is the evidence base distributed across the
dimensions of food security? We undertook a bib-
liographic analysis of peer-reviewed journal papers
on food security and climate change since the pub-
lication of the first Intergovernmental Panel on Cli-
mate Change (IPCC) report in 1990 (21). That
report was ground-breaking for the climate science
that it reviewed, but agriculture was entirely absent.
Our analysis shows that a small peak of papers with
climate change and food security in the title or
abstract were published in the mid-1990s, followed
by a lull then a sharp increase in papers published
with these terms from 2008 onward.

The distribution of the evidence across the four
dimensions of food security is, however, heavily
skewed toward food availability within 70% of the
publications. Access, utilization, and stability di-
mensions of food security are represented by only
11.9, 13.9, and 4.2% of the total publications on
food security and climate change, respectively.

Why is the evidence based on climate change
impacts so unevenly distributed across the four
dimensions of food security? There are several
possibilities. Research has largely concentrated
on the direct effects of climate change, such as
those on crop growth and on the distribution of
agricultural pests and diseases. Also, studies
have understandably focused on areas that can
be easily investigated, often through analyzing
single-factor changes, and have avoided the com-

plex and multilayered features of food security
that require integrations of biophysical, econom-
ic, and social factors. Clearly, current knowledge
of food security impacts of climate change is dra-
matically lacking in coverage across all dimen-
sions of food security. Nevertheless, where there
is good evidence, what are the broad conclusions?

Food Availability
Rosenzweig and Parry (22) produced the first
global assessment of the potential impacts of
climate change scenarios on crops. They used
numerical crop models of wheat, rice, maize,
and soybeans to simulate yields at 112 locations
in 18 countries, in the current climate and under
climate change using the output of three climate
models. These point-based estimates of change

Fig. 2. Global impacts of climate change on crop productivity from simulations published in
1994 and 2010. (Top) The 1994 study (22) used output from the GISS GCM (in this example) with twice
the baseline atmospheric CO2 equivalent concentrations as input to crop models for wheat, maize,
soybean, and rice that were run at 112 sites in 18 countries. Crop model outputs were aggregated to a
national level using production statistics. (Bottom) The 2010 study (27) simulated changes in yields of 11
crops for the year 2050, averaged across three greenhouse emission scenarios and five GCMs. [Reprinted
by permission from (top) Macmillan Publishers Ltd. (22); (bottom) World Bank Publishers (27)]
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through the emission of greenhouse gases such as
carbon dioxide and methane, and from changes
in land use. Carbon dioxide (CO2) levels in the
atmosphere have increased from about 284 ppm
in 1832 to 397 ppm in 2013 (16), and there is a
theoretical link between the levels of such “green-
house” gases in the atmosphere and global warm-
ing. Three independent reviews have found strong
evidence for human causes for the observed tem-
perature warming mainly caused by the burning
of fossil fuels, with smaller contributions from
land-use changes (15–18).

Thus, climate change is expected to bring
warmer temperatures; changes to rainfall pat-
terns; and increased frequency, and perhaps sever-
ity, of extreme weather. By the end of this
century, the global mean temperature could be
1.8° to 4.0°C warmer than at the end of the pre-
vious century (15). Warming will not be even
across the globe and is likely to be greater over
land compared with oceans, toward the poles,
and in arid regions (15). Recent weather records
also show that land surface temperatures may be
increasing more slowly than expected from cli-
mate models, potentially because of a higher
level of absorption of CO2 by deep oceans (19).
Sea-level rises will increase the risk of flooding
of agricultural land in coastal regions. Changes in
rainfall patterns, particularly over tropical land,
are less certain, partly because of the inability of
the current models to represent the global hy-
drological cycle accurately (20). In general, it is
expected that the summer Asian monsoon rainfall
may increase, while parts of North and southern
Africa could become drier (15). How will these
regional changes in climate affect food security?

Research Biases
Agriculture is inherently sensitive to climate var-
iability and change, as a result of either natural
causes or human activities. Climate change caused
by emissions of greenhouse gases is expected to
directly influence crop production systems for food,
feed, or fodder; to affect livestock health; and to
alter the pattern and balance of trade of food and
food products. These impacts will vary with the
degree of warming and associated changes in rain-
fall patterns, aswell as from one location to another.

Climate change could have a range of direct and
indirect effects on all four dimensions of food sec-
urity. How is the evidence base distributed across the
dimensions of food security? We undertook a bib-
liographic analysis of peer-reviewed journal papers
on food security and climate change since the pub-
lication of the first Intergovernmental Panel on Cli-
mate Change (IPCC) report in 1990 (21). That
report was ground-breaking for the climate science
that it reviewed, but agriculture was entirely absent.
Our analysis shows that a small peak of papers with
climate change and food security in the title or
abstract were published in the mid-1990s, followed
by a lull then a sharp increase in papers published
with these terms from 2008 onward.

The distribution of the evidence across the four
dimensions of food security is, however, heavily
skewed toward food availability within 70% of the
publications. Access, utilization, and stability di-
mensions of food security are represented by only
11.9, 13.9, and 4.2% of the total publications on
food security and climate change, respectively.

Why is the evidence based on climate change
impacts so unevenly distributed across the four
dimensions of food security? There are several
possibilities. Research has largely concentrated
on the direct effects of climate change, such as
those on crop growth and on the distribution of
agricultural pests and diseases. Also, studies
have understandably focused on areas that can
be easily investigated, often through analyzing
single-factor changes, and have avoided the com-

plex and multilayered features of food security
that require integrations of biophysical, econom-
ic, and social factors. Clearly, current knowledge
of food security impacts of climate change is dra-
matically lacking in coverage across all dimen-
sions of food security. Nevertheless, where there
is good evidence, what are the broad conclusions?

Food Availability
Rosenzweig and Parry (22) produced the first
global assessment of the potential impacts of
climate change scenarios on crops. They used
numerical crop models of wheat, rice, maize,
and soybeans to simulate yields at 112 locations
in 18 countries, in the current climate and under
climate change using the output of three climate
models. These point-based estimates of change

Fig. 2. Global impacts of climate change on crop productivity from simulations published in
1994 and 2010. (Top) The 1994 study (22) used output from the GISS GCM (in this example) with twice
the baseline atmospheric CO2 equivalent concentrations as input to crop models for wheat, maize,
soybean, and rice that were run at 112 sites in 18 countries. Crop model outputs were aggregated to a
national level using production statistics. (Bottom) The 2010 study (27) simulated changes in yields of 11
crops for the year 2050, averaged across three greenhouse emission scenarios and five GCMs. [Reprinted
by permission from (top) Macmillan Publishers Ltd. (22); (bottom) World Bank Publishers (27)]
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through the emission of greenhouse gases such as
carbon dioxide and methane, and from changes
in land use. Carbon dioxide (CO2) levels in the
atmosphere have increased from about 284 ppm
in 1832 to 397 ppm in 2013 (16), and there is a
theoretical link between the levels of such “green-
house” gases in the atmosphere and global warm-
ing. Three independent reviews have found strong
evidence for human causes for the observed tem-
perature warming mainly caused by the burning
of fossil fuels, with smaller contributions from
land-use changes (15–18).

Thus, climate change is expected to bring
warmer temperatures; changes to rainfall pat-
terns; and increased frequency, and perhaps sever-
ity, of extreme weather. By the end of this
century, the global mean temperature could be
1.8° to 4.0°C warmer than at the end of the pre-
vious century (15). Warming will not be even
across the globe and is likely to be greater over
land compared with oceans, toward the poles,
and in arid regions (15). Recent weather records
also show that land surface temperatures may be
increasing more slowly than expected from cli-
mate models, potentially because of a higher
level of absorption of CO2 by deep oceans (19).
Sea-level rises will increase the risk of flooding
of agricultural land in coastal regions. Changes in
rainfall patterns, particularly over tropical land,
are less certain, partly because of the inability of
the current models to represent the global hy-
drological cycle accurately (20). In general, it is
expected that the summer Asian monsoon rainfall
may increase, while parts of North and southern
Africa could become drier (15). How will these
regional changes in climate affect food security?

Research Biases
Agriculture is inherently sensitive to climate var-
iability and change, as a result of either natural
causes or human activities. Climate change caused
by emissions of greenhouse gases is expected to
directly influence crop production systems for food,
feed, or fodder; to affect livestock health; and to
alter the pattern and balance of trade of food and
food products. These impacts will vary with the
degree of warming and associated changes in rain-
fall patterns, aswell as from one location to another.

Climate change could have a range of direct and
indirect effects on all four dimensions of food sec-
urity. How is the evidence base distributed across the
dimensions of food security? We undertook a bib-
liographic analysis of peer-reviewed journal papers
on food security and climate change since the pub-
lication of the first Intergovernmental Panel on Cli-
mate Change (IPCC) report in 1990 (21). That
report was ground-breaking for the climate science
that it reviewed, but agriculture was entirely absent.
Our analysis shows that a small peak of papers with
climate change and food security in the title or
abstract were published in the mid-1990s, followed
by a lull then a sharp increase in papers published
with these terms from 2008 onward.

The distribution of the evidence across the four
dimensions of food security is, however, heavily
skewed toward food availability within 70% of the
publications. Access, utilization, and stability di-
mensions of food security are represented by only
11.9, 13.9, and 4.2% of the total publications on
food security and climate change, respectively.

Why is the evidence based on climate change
impacts so unevenly distributed across the four
dimensions of food security? There are several
possibilities. Research has largely concentrated
on the direct effects of climate change, such as
those on crop growth and on the distribution of
agricultural pests and diseases. Also, studies
have understandably focused on areas that can
be easily investigated, often through analyzing
single-factor changes, and have avoided the com-

plex and multilayered features of food security
that require integrations of biophysical, econom-
ic, and social factors. Clearly, current knowledge
of food security impacts of climate change is dra-
matically lacking in coverage across all dimen-
sions of food security. Nevertheless, where there
is good evidence, what are the broad conclusions?

Food Availability
Rosenzweig and Parry (22) produced the first
global assessment of the potential impacts of
climate change scenarios on crops. They used
numerical crop models of wheat, rice, maize,
and soybeans to simulate yields at 112 locations
in 18 countries, in the current climate and under
climate change using the output of three climate
models. These point-based estimates of change

Fig. 2. Global impacts of climate change on crop productivity from simulations published in
1994 and 2010. (Top) The 1994 study (22) used output from the GISS GCM (in this example) with twice
the baseline atmospheric CO2 equivalent concentrations as input to crop models for wheat, maize,
soybean, and rice that were run at 112 sites in 18 countries. Crop model outputs were aggregated to a
national level using production statistics. (Bottom) The 2010 study (27) simulated changes in yields of 11
crops for the year 2050, averaged across three greenhouse emission scenarios and five GCMs. [Reprinted
by permission from (top) Macmillan Publishers Ltd. (22); (bottom) World Bank Publishers (27)]
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However, depending on climate scenario and the assumptions on effectiveness of CO2 
fertilization, all regions may experience significant decreases in crop yields as well as significant 
increases. The most important factor is the uncertainty in CO2 fertilization, which outweighs the 
differences in climate scenarios. Figure 2.2.2 depicts the difference between changes in crop 
yields with (left hand panel) and without (right hand panel) CO2 fertilization effects, aggregated 
at national level and sub-national level for larger countries (Australia, Brazil, Canada, China, 
India, Russia, USA). Whether or not farmers will be able to attain increased crop yields under 
elevated atmospheric CO2 concentrations will much depend on the availability of additional 
inputs, especially nitrogen (Tubiello and Ewert, 2002). In regions where current inputs are 
already constraining crop yields considerably (Neumann et al., under review), major 
improvements are required to provide additional nitrogen inputs. Self-sufficiency in food 
production is likely to decrease in most regions as in many cases population growth outweighs 
even increasing crop yields. As a consequence, even the most optimistic scenarios with 
increasing crop yields on current crop land cannot mitigate the significant decrease in food self-
sufficiency in 6 out of 10 regions (Figure 2.2.1). 
 

 

Figure 2.2.2: All climate scenario mean (3 emission scenarios in 5 GCMs) impact on (sub-) national 
crop yields in 2050 (2046-2055 average), expressed in percent change relative to 2000 (1996-2005 
average). Panel a) with full CO2 fertilization, panel b) without. 
 
Increasing crop yields may be expected in regions currently constrained by too low temperatures 
as in the northern high latitudes and in mountainous regions (Figure 2.2.3, green areas in panel 
b). Here, all 30 model runs uniformly indicate increases in crop yields by 2050. On the contrary, 
there is hardly any location where all model runs uniformly indicate decreases in crop yields 
(Figure 2.2.3, red areas in panel a). If all effects of CO2 fertilization are excluded, many regions 
and especially tropical croplands are uniformly projected in all 15 climate scenarios to experience 
decreases in crop yields (Figure 2.2.3, panel b). 
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biomass, and agricultural yield, results that have been
reported for many FACE experiments.

Methodology
Following Kimball [2,10] and Kimball et al. [5], the
absolute seasonal crop response values reported in the
literature were extracted. Then I computed the relative
increases (or decreases) due to the FACE treatments with
respect to their corresponding control treatments at am-
bient CO2. The various FACE experiments have not used
the same target CO2 concentration for their treatments,
nor have prior reviews of the CO2-response literature
used a particular concentration for their analyses. Such
lack of standardization makes it difficult to make com-
parisons across FACE sites and with other CO2-enrich-
ment-chamber type experiments. Therefore, all of the
relative responses were linearly adjusted to correspond to
550 ppm (i.e. mmol mol!1) or about 190 ppm above am-
bient (which was about 351 ppm in 1989 [14]). Such an
adjustment is justified because to a first approximation
growth responses by plants to elevated CO2 are generally
linear between 300 and 900 ppm [15]. The more recent
FACE experiments have used target concentrations of
550 ppm or of 200 ppm above ambient, so no adjustments
were made for these later FACE data. For each crop
category, I then computed averages and standard errors
using log-antilog transformations, which corrected for the
log-normal distributions of such ratio data [2]. Each
experiment was considered to be a single observation.

Results and discussion
Evapotranspiration
One commonly observed response to elevated CO2 is
partial stomatal closure with a concomitant reduction in
stomatal conductance to water vapor [9]. Consequently,
the rate of loss of water from the leaves or transpiration is
slowed. Of course, solar radiation, wind speed, and air
temperature and humidity are also important weather
factors that determine rates of transpiration (T) as well
as evaporation from the soil (E). Measurements of crop
total transpiration plus evaporation from the soil, that is,
evapotranspiration (ET), have been made in several
FACE experiments (Figure 1).

At ample water and nitrogen, reductions in ET per unit of
land area with elevated CO2 have ranged from near zero
for cotton to about 13% for sorghum (Figure 1). This large
range of reductions in ET is due both to differing reduc-
tions in stomatal conductance among species and to
differing increases in leaf area and in canopy temperature
[16], as will be discussed in the next section. Cotton had a
large growth response (Figure 3, and as will be discussed
later) to elevated CO2, and therefore it showed almost no
reduction in ET under elevated CO2. In contrast, sor-
ghum and maize, both C4 species, had little or no photo-
synthetic or growth responses to elevated CO2, so they
had large reductions in ET of about 13%. Wheat and rice

were intermediate in both growth and ET responses. The
two data points from mature poplar and sweetgum trees
with less relative growth than annually-grown cotton
show ET reductions of about 7%. The forb species,
soybean and potato, had comparatively large reductions
of about 12%.

When sorghum was grown under limited water supply,
FACE had no effect on seasonal ET (Figure 1). This lack
of season-long ET response to elevated CO2 is because
depletion of soil water caused stomata to close much of
the time, and then elevated CO2 had no effect [17]. The
plants used all the water that was available to them. Thus,
if water is limiting on a seasonal time scale, total seasonal
ET will not be affected by elevated CO2. However,
growth will still be affected. Much of the interactive
effects between elevated CO2 and drought on growth
and yield can be explained by how many extra days a crop
grown at elevated CO2 can sustain growth in a drought
cycle due to water conservation from the reduced ET
while water is adequate early in the cycle.

Ainsworth and Long [8] and Wall et al. [18] showed that
when soil N was limiting, FACE caused larger reductions
in stomatal conductance than under no stress conditions.
Consistent with this fact, the ET of wheat grown under
limited N was reduced by 20% due to FACE compared to
only 6% under ample N (Figure 1). Such a larger reduc-
tion in stomatal conductance and ET due to elevated CO2

at low N are consistent with the hypothesis that low soil N
causes a reduction in rubisco (a leaf enzyme involved with
photosynthesis containing N), which forces a greater
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Figure 1

Relative  Changes Due to E levated  CO2 (%)

-40 -20 0 20 40

when  water limi tin g o ver seasonal time frame, l ittle 
change in ET because plants  use all  water a vaila ble

Cott on ( woody)

Wheat (C3 gras s)

Sorgh um  (C4 gras s)

All  C3 & C 4

Ample N, Low H2O

Ample N,  Ample H2O
Low N,  Ample H2O

Potato  (C3 forb)

Soybean (C3 legume)

Popl ar (woody)

Sweet gum  (woody)

Rice (C3 gras s)

Maize  (C4 gras s)

Current Opinion in Plant Biology

Evapotranspiration (ET) responses to elevated CO2 (+200 ppm from
FACE) at ample and limited levels of soil water and nitrogen. The
sources from which the data were obtained for each vegetation type
are listed in Table S1.

www.sciencedirect.com Current Opinion in Plant Biology 2016, 31:36–43

The root/tuber crops (potato, sugar beet, and cassava)
exhibited a small average increase in shoot biomass (5%,
Figure 3), but the error bars are wide. However, as will be
presented in the next section, for these crops the yield
comes from below ground, so a small shoot biomass
response to elevated CO2 is not necessarily a concern.
For the case of low N, the average shoot biomass response
was also small, about 6%, as expected.

Clover and soybean, both C3 legumes, had larger
increases in shoot biomass due to FACE (about 25%;
Figure 3). Consistent with it being an N-fixing legume,
clover showed no reduction in CO2 response when soil N
was limited.

The woody crops, cotton and grape, had comparatively
large shoot biomass responses to FACE, about 31% at
ample N and H2O. When water was limited, the response
tended to be slightly smaller, but not significantly so.

The single oilseed point (rape) shows a shoot biomass
response of about 23%, which is similar to the legumes.

Agricultural yield
Most of the agricultural yield responses of several crops
(Figure 4) to elevated CO2 were similar to their shoot
biomass responses (Figure 3), but several were different.
For a forage crop like perennial ryegrass, the yield is the
shoot biomass, and under ample N and H2O, its average
CO2 stimulation (10%; Figure 4) was less than the average

shoot biomass for the combined C3 grasses (about 19%;
Figure 3). Under limited N, the average ryegrass stimu-
lation to elevated CO2 was close to zero (Figure 4),
whereas the average for the shoot biomass of C3 grasses
was about 10% (Figure 3). I think the smaller response to
CO2 under low N for the ryegrass is primarily because in
most of the experiments with it, the ryegrass was grown
year after year, whereas for only a few of the experiments
with the other crops were there prior ‘N removal’ crops or
other steps to assure that soil N levels were indeed low.

The average grain yield increase due to elevated CO2 of
C3 grasses (wheat, rice, and barley) was about 19% under
ample N and H2O (Figure 4). Under limited N, it was
slightly lower (16%). Again, however, in several of the
low-N rice experiments, the ‘low’ level of N may not have
been very limiting, so the true ‘low’ value may be lower
yet. When H2O was limited, the average yield response
was slightly higher (about 22%). Although their season to
season variability was high, Fitzgerald et al. [21!!] recently
reported wheat yield stimulations ranging from "17 to
+79% under semi-arid conditions with and without sup-
plemental irrigation.

However, the most exciting and important advances in
regard to CO2 enrichment are the large yield responses of
hybrid rice (about 34%; Figure 4) reported from the
Chinese FACE project [22–24]. These results are plotted
separately in Figure 4, as well as being included in the C3

grass averages. The hybrid varieties exhibited large yields
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Figure 4
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Agricultural yield responses to elevated CO2 (+200 ppm from FACE) for various crops at ample and limited supplies of soil water and nitrogen. The
sources from which the data were obtained for each vegetation type are listed in Table S1.
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Both experimental studies and modeling analyses of
temperate ecosystems suggest that responses to multi-
factor environmental change are predominantly con-
trolled by additive or two-way interactions among
elevated [CO2] and temperature, precipitation or nutrient
availability [7,21–24]. However, the statistical power to
detect higher order interactions in current experiments
may be a limitation, and there are examples of higher
order interactions controlling ecosystem performance
[13,16!,25]. Higher order interactions may also become
more apparent as experimental and modeling analyses
expand to include a larger climate envelope and new
ecological contexts. For example, while greater tempera-
tures increase the stimulation of productivity by elevated
[CO2] in mesic conditions, the increase in water use at
high temperature may combine with low water availability

under semi-arid and arid conditions to cause significant
stress that cannot be ameliorated by elevated [CO2] [7]. In
the case of C4 species, photosynthesis is saturated by
current [CO2], but growth at elevated [CO2] can ameliorate
stress in times or places of drought [15]. It has also been
proposed that the CO2 required to saturate C4 photosyn-
thesis will increase with rising temperature [26]. This
opens the possibility of a three-way interaction in which
elevated [CO2] stimulates C4 photosynthesis to a much
greater extent when temperatures surpass a certain
threshold.

Investigating interactive effects of climate
change factors
A number of experimental approaches have been used to
assess the interactive effects of elevated [CO2] and other

A multi-biome gap in understanding of crop and ecosystem responses Leakey, Bishop and Ainsworth 229

Table 1

Response of net primary productivity (NPP) or seed yield, photosynthetic CO2 uptake (A) and stomatal conductance (gs) of temperate
ecosystems and their component functional groups to rising atmospheric [CO2] ("550 ppm) based on free air CO2 enrichment (FACE)
experiments. A checkmark indicates evidence from field studies that genetic or environmental factors interact significantly with elevated
[CO2] to alter the magnitude or direction of response.

Biome Primary functional groups % change in: N Water 8C Species
or genotype

NPP/seed yield Aa gs
a

Temperate forest C3 trees 23 # 2b 46 # 4 $19 # 4 U U U U

Temperate grassland Community 13 # 4c U U U U
C3 grasses 37 # 7 $36 # 5 U U U U
C4 grasses $2 # 9 $27 # 10 U U U U

Temperate cropland C3 crops 17 # 6c 13 # 5 $25 # 5 U U U U
C4 crops 6 # 9c 11 # 6 $30 # 10 U U

a Estimates from Ainsworth and Rogers [1].
b Estimate based on four FACE experiments from Norby et al. [29].
c Estimate based on updated meta-analysis of FACE data following methods of Ainsworth and Long [11].

Figure 1
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Global distribution of elevated [CO2] experiments in open-top chamber (OTC) and free air CO2 enrichment (FACE) facilities where plants have been
rooted in the soil.

www.sciencedirect.com Current Opinion in Plant Biology 2012, 15:228–236
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Regional disparities in the beneficial e�ects of
rising CO2 concentrations on crop
water productivity
Delphine Deryng1,2,3*, Joshua Elliott1,2, Christian Folberth4,5, Christoph Müller6,
Thomas A. M. Pugh7,8, Kenneth J. Boote9, Declan Conway10, Alex C. Ruane11,2, Dieter Gerten6,12,
JamesW. Jones9, Nikolay Khabarov5, Stefan Olin13, Sibyll Schapho�6, Erwin Schmid14, Hong Yang4

and Cynthia Rosenzweig11,2

RisingatmosphericCO2 concentrations ([CO2])areexpected to
enhance photosynthesis and reduce crop water use1. However,
there is high uncertainty about the global implications of
these e�ects for future crop production and agricultural
water requirements under climate change. Here we combine
results from networks of field experiments1,2 and global crop
models3 to present a spatially explicit global perspective
on crop water productivity (CWP, the ratio of crop yield
to evapotranspiration) for wheat, maize, rice and soybean
under elevated [CO2] and associated climate change projected
for a high-end greenhouse gas emissions scenario. We find
CO2 e�ects increase global CWP by 10[0;47]%–27[7;37]%
(median[interquartile range] across the model ensemble) by
the 2080s depending on crop types, with particularly large
increases in arid regions (by up to 48[25;56]% for rainfed
wheat). If realized in the fields, the e�ects of elevated
[CO2] could considerably mitigate global yield losses whilst
reducing agricultural consumptive water use (4–17%). We
identify regional disparities driven by di�erences in growing
conditions across agro-ecosystems that could have implica-
tions for increasing food production without compromising
water security. Finally, our results demonstrate the need to
expand field experiments and encourage greater consistency
in modelling the e�ects of rising [CO2] across crop and
hydrological modelling communities.

Research indicates unabated climate change will exacerbate
water scarcity around the world4,5. This is thought to threaten
agricultural productivity and food security, especially in arid
regions6–8, where agriculture relies heavily on irrigation and
consumes the majority of diverted freshwater9. Yet, rising
atmospheric CO2 concentrations ([CO2]), despite directly
contributing to climate change, have the potential to increase crop
water productivity (CWP; defined here as the ratio of crop yield

to total crop water use over the growing season) by enhancing
photosynthesis and reducing leaf-level transpiration of plants1,2. If
these e�ects can be harnessed to increase crop yields and reduce
water consumption in agriculture at national to continental scales,
this could greatly help in ensuring food and water security for a
rapidly growing global population10.

The enhancement of photosynthesis rates in C3 crops and
the reduction in stomatal conductance—and thus water loss—in
both C3 and C4 crops under elevated [CO2] is well supported
by numerous plant manipulation experiments1,11. The extent to
which such mechanisms eventually enhance crop yields and reduce
evapotranspiration (ET) is less well understood on large scales12–14,
but observations of crops grown under elevated [CO2] (Free Air
Carbon Enrichment, FACE) show that an average increase of 13%
in yields and 5% reduction in ET can be expected1,15. However,
FACE experiments are for the most part located in temperate
regions, whereas tropical and arid regions, where food security
is most threatened6, are under-represented16,17. Given the strong
dependence of CO2 e�ects on environmental conditions and the
limited coverage of FACE experiments for representing the diversity
of agricultural production systems worldwide16,17, process-based
modelling is needed to assess the scope of beneficial e�ects of
elevated CO2 on CWP18. The few such studies that exist rely on
singlemodels, for example, refs 19,20, and therefore do not cover the
range of uncertainty embedded in cropmodellingmethodology, and
particularly in calculations of the e�ect of rising [CO2] on yields of
C3 crops (for example, Fig. 4 in ref. 21), which can lead to substantial
variation in simulated impacts, for example, refs 3,22.

Here we present a spatially explicit global assessment of e�ects
of elevated [CO2] on future CWP originating from a large ensemble
of simulations, resulting from a recent international modelling
intercomparison exercise3. The model ensemble comprises six
global gridded crop models (GGCMs), with simulations using

1Computation Institute, University of Chicago, Chicago, Illinois 60637, USA. 2Center for Climate Systems Research, Columbia University, New York,
New York 10025, USA. 3Tyndall Centre for Climate Change Research, University of East Anglia, Norwich NR4 7TJ, UK. 4Swiss Federal Institute of Aquatic
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Management Program, Schlossplatz 1, Laxenburg A-2361, Austria. 6Potsdam Institute for Climate Impact Research, 14473 Potsdam, Germany. 7Karlsruhe
Institute of Technology, IMK-IFU, 82467 Garmisch-Partenkirchen, Germany. 8School of Geography, Earth and Environmental Science, University of
Birmingham, Birmingham B15 2TT, UK. 9University of Florida, Gainesville, Florida 32611-0500, USA. 10Grantham Research Institute on Climate Change &
the Environment, London School of Economics and Political Science, London WC2A 2AE, UK. 11NASA Goddard Institute for Space Studies, New York,
New York 10025, USA. 12Geography Department, Humboldt-Universität zu Berlin, 10099 Berlin, Germany. 13Department of Physical Geography and
Ecosystem Science, Lund University, Lund SE-223 62, Sweden. 14University of Natural Resources and Life Sciences, 1180 Vienna, Austria.
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(e.g., calibration) that are reflected in the wide variations in their
results (SI Appendix).

4.2 Global Relative Yield Changes by Crop. Despite the differences
among models in their assumed inputs and simulations of ab-
solute yields, relative yield changes provide a more consistent set
of results for comparison across models and with previously re-
ported climate change impact results. When taken as a multi-GGCM
andmulti-GCM ensemble, global results for relative changes in the
major crops under representative concentration pathway 8.5
(RCP8.5; 42) with CO2 effects show broad agreement with results
and regional patterns seen in previous studies (Fig. 3, Upper).
End-of-century (2070–2099) maize yield changes with CO2

effects for RCP8.5 show substantial impacts and broad agree-
ment among GGCMs, at least as to the sign of the effect. Results
for maize and wheat indicate high-latitude increases and low-lat-
itude decreases with general agreement among models. However,
the quality, depth, and hydraulic properties of soils for agricultural
production at high latitudes merit further investigation. Results for
rice and soybean are consistent in the mid- and high-latitude
regions showing yield increases, but show less agreement among
models in the tropical regions where median changes are small.
Generally, the tropics are subject to more severe (or less benefi-
cial) climate change impacts whereby CO2 fertilization does not
compensate for increases in water demand and shortening of
already-short growing periods for annual C3 crops.

When the results are grouped by GGCMs with and without
explicit nitrogen fertilization (Lower Left and Lower Right in
Fig. 3; red and green lines in Fig. 1), results are substantially
more negative with explicit nitrogen fertilization than without.
The GGCMs with explicit nitrogen fertilization may capture
enhanced dynamics of crop growth and yield interactions with
CO2 fertilization; experiments show lower CO2 enhancement of
yield under nitrogen limitation (41). Further work is needed to
understand how these interactions affect the GGCM results and
identify how variations in crop model parameter values also
affect simulated yields (e.g., ref. 43).

4.3 Sensitivity of Yield Response to CO2. Projections of global rel-
ative yield changes under RCP8.5 differ substantially among
GGCMs but also between simulations with and without CO2
effects for maize, wheat, rice, and soybean (Fig. 4). By the end of
the 21st century, most GGCMs show a range of approximately ±
10% yield change across the five GCM scenarios when CO2
effects are included (GCMs cause nearly double that range for
PEGASUS and only half that range for GAEZ-IMAGE). Rel-
ative global average model response to climate is more similar
and much more negative across tropical and midlatitude bands
once CO2 effects are removed, indicating that crop model pa-
rameterization of CO2 effects remains a crucial area of research.
Relative yield changes with and without CO2 effects are much
closer in C4 maize than in the C3 crops.
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Fig. 3. Median yield changes (%) for RCP8.5 (2070–2099 in comparison to 1980–2010 baseline) with CO2 effects over all five GCMs x seven GGCMs (6 GGCMs for rice)
for rainfed maize (35 ensemble members), wheat (35 ensemble members), rice (30 ensemble members), and soy (35 ensemble members). Hatching indicates areas
where more than 70% of the ensemble members agree on the directionality of the impact factor. Gray areas indicate historical areas with little to no yield capacity.
The bottom 8 panels show the corresponding yield change patterns over all five GCMs x four GGCMs with nitrogen stress (20 ensemble members from EPIC, GEPIC,
pDSSAT, and PEGASUS; except for rice which has 15) (Left); and 3 GGCMs without nitrogen stress (15 ensemble members from GAEZ-IMAGE, LPJ-GUESS, and LPJmL).
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(e.g., calibration) that are reflected in the wide variations in their
results (SI Appendix).

4.2 Global Relative Yield Changes by Crop. Despite the differences
among models in their assumed inputs and simulations of ab-
solute yields, relative yield changes provide a more consistent set
of results for comparison across models and with previously re-
ported climate change impact results. When taken as a multi-GGCM
andmulti-GCM ensemble, global results for relative changes in the
major crops under representative concentration pathway 8.5
(RCP8.5; 42) with CO2 effects show broad agreement with results
and regional patterns seen in previous studies (Fig. 3, Upper).
End-of-century (2070–2099) maize yield changes with CO2

effects for RCP8.5 show substantial impacts and broad agree-
ment among GGCMs, at least as to the sign of the effect. Results
for maize and wheat indicate high-latitude increases and low-lat-
itude decreases with general agreement among models. However,
the quality, depth, and hydraulic properties of soils for agricultural
production at high latitudes merit further investigation. Results for
rice and soybean are consistent in the mid- and high-latitude
regions showing yield increases, but show less agreement among
models in the tropical regions where median changes are small.
Generally, the tropics are subject to more severe (or less benefi-
cial) climate change impacts whereby CO2 fertilization does not
compensate for increases in water demand and shortening of
already-short growing periods for annual C3 crops.

When the results are grouped by GGCMs with and without
explicit nitrogen fertilization (Lower Left and Lower Right in
Fig. 3; red and green lines in Fig. 1), results are substantially
more negative with explicit nitrogen fertilization than without.
The GGCMs with explicit nitrogen fertilization may capture
enhanced dynamics of crop growth and yield interactions with
CO2 fertilization; experiments show lower CO2 enhancement of
yield under nitrogen limitation (41). Further work is needed to
understand how these interactions affect the GGCM results and
identify how variations in crop model parameter values also
affect simulated yields (e.g., ref. 43).

4.3 Sensitivity of Yield Response to CO2. Projections of global rel-
ative yield changes under RCP8.5 differ substantially among
GGCMs but also between simulations with and without CO2
effects for maize, wheat, rice, and soybean (Fig. 4). By the end of
the 21st century, most GGCMs show a range of approximately ±
10% yield change across the five GCM scenarios when CO2
effects are included (GCMs cause nearly double that range for
PEGASUS and only half that range for GAEZ-IMAGE). Rel-
ative global average model response to climate is more similar
and much more negative across tropical and midlatitude bands
once CO2 effects are removed, indicating that crop model pa-
rameterization of CO2 effects remains a crucial area of research.
Relative yield changes with and without CO2 effects are much
closer in C4 maize than in the C3 crops.

Maize

Rice Soy

Wheat

Maize MaizeWheat Wheat

Rice RiceSoy Soy

All GGCMs

GGCMs with explicit N stress GGCMs without explicit N stress

<-50 >50
0

%
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for rainfed maize (35 ensemble members), wheat (35 ensemble members), rice (30 ensemble members), and soy (35 ensemble members). Hatching indicates areas
where more than 70% of the ensemble members agree on the directionality of the impact factor. Gray areas indicate historical areas with little to no yield capacity.
The bottom 8 panels show the corresponding yield change patterns over all five GCMs x four GGCMs with nitrogen stress (20 ensemble members from EPIC, GEPIC,
pDSSAT, and PEGASUS; except for rice which has 15) (Left); and 3 GGCMs without nitrogen stress (15 ensemble members from GAEZ-IMAGE, LPJ-GUESS, and LPJmL).
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  change	
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Global water use 

Total water withdrawal: 3700 km3/yr 
Agriculture water withdrawal: 2590 km3/yr 

Pacific Institute, 2007 
FAO, 2008 

Agriculture 
Domestic 

Industries 

Agriculture	
  sector	
  uses	
  70%	
  of	
  global	
  freshwater	
  use!	
  



Water availability and scarcity 

IWMI, 2007 



•  Crop	
  Water	
  Produc:vity	
  
•  CWP	
  is	
  the	
  ra:o	
  of	
  crop	
  yield	
  to	
  total	
  
water	
  use	
  throughout	
  the	
  crop	
  
development	
  period	
  (AET)	
  	
  
•  CWP	
  =	
  Yield/AET	
  

Can	
  elevated	
  atmospheric	
  [CO2]	
  
contribute	
  to	
  produce	
  	
  

more	
  food	
  with	
  less	
  water?	
  

AET=actual	
  evapotranspira:on	
  



Both experimental studies and modeling analyses of
temperate ecosystems suggest that responses to multi-
factor environmental change are predominantly con-
trolled by additive or two-way interactions among
elevated [CO2] and temperature, precipitation or nutrient
availability [7,21–24]. However, the statistical power to
detect higher order interactions in current experiments
may be a limitation, and there are examples of higher
order interactions controlling ecosystem performance
[13,16!,25]. Higher order interactions may also become
more apparent as experimental and modeling analyses
expand to include a larger climate envelope and new
ecological contexts. For example, while greater tempera-
tures increase the stimulation of productivity by elevated
[CO2] in mesic conditions, the increase in water use at
high temperature may combine with low water availability

under semi-arid and arid conditions to cause significant
stress that cannot be ameliorated by elevated [CO2] [7]. In
the case of C4 species, photosynthesis is saturated by
current [CO2], but growth at elevated [CO2] can ameliorate
stress in times or places of drought [15]. It has also been
proposed that the CO2 required to saturate C4 photosyn-
thesis will increase with rising temperature [26]. This
opens the possibility of a three-way interaction in which
elevated [CO2] stimulates C4 photosynthesis to a much
greater extent when temperatures surpass a certain
threshold.

Investigating interactive effects of climate
change factors
A number of experimental approaches have been used to
assess the interactive effects of elevated [CO2] and other

A multi-biome gap in understanding of crop and ecosystem responses Leakey, Bishop and Ainsworth 229

Table 1

Response of net primary productivity (NPP) or seed yield, photosynthetic CO2 uptake (A) and stomatal conductance (gs) of temperate
ecosystems and their component functional groups to rising atmospheric [CO2] ("550 ppm) based on free air CO2 enrichment (FACE)
experiments. A checkmark indicates evidence from field studies that genetic or environmental factors interact significantly with elevated
[CO2] to alter the magnitude or direction of response.

Biome Primary functional groups % change in: N Water 8C Species
or genotype

NPP/seed yield Aa gs
a

Temperate forest C3 trees 23 # 2b 46 # 4 $19 # 4 U U U U

Temperate grassland Community 13 # 4c U U U U
C3 grasses 37 # 7 $36 # 5 U U U U
C4 grasses $2 # 9 $27 # 10 U U U U

Temperate cropland C3 crops 17 # 6c 13 # 5 $25 # 5 U U U U
C4 crops 6 # 9c 11 # 6 $30 # 10 U U

a Estimates from Ainsworth and Rogers [1].
b Estimate based on four FACE experiments from Norby et al. [29].
c Estimate based on updated meta-analysis of FACE data following methods of Ainsworth and Long [11].

Figure 1

OTC
FACE
OTC + FACE

31.9 °C

-27.9 °C 5,000 Kilometers

Current Opinion in Plant Biology

Global distribution of elevated [CO2] experiments in open-top chamber (OTC) and free air CO2 enrichment (FACE) facilities where plants have been
rooted in the soil.

www.sciencedirect.com Current Opinion in Plant Biology 2012, 15:228–236

Loca:on	
  of	
  FACE	
  where	
  data	
  on	
  both	
  
yield	
  and	
  AET	
  are	
  available	
  

à Wheat	
  in	
  two	
  sites	
  (Arizona,	
  USA	
  &	
  SE	
  Australia)	
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Global	
  Impacts	
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  crop)	
   Climate	
  change	
  	
  	
  
with	
  CO2	
  effects	
  

Climate	
  change	
  	
  
without	
  CO2	
  effects	
  

Yield	
   +3	
  [-­‐1;+14]	
  %	
   -­‐23	
  [-­‐28;-­‐15]	
  %	
  
Evapotranspira:on	
   -­‐11	
  [-­‐21;-­‐6]	
  %	
   -­‐7	
  [-­‐12;-­‐5]	
  %	
  

Crop	
  water	
  produc:vity	
   +27	
  [7;37]	
  %	
   -­‐17	
  [-­‐24;-­‐1]	
  %	
  

Maize	
  (C4	
  crop)	
   Climate	
  change	
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  effects	
  

Climate	
  change	
  	
  
without	
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  effects	
  

Yield	
   -­‐9	
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Figure S9: Same as Fig. S8 for wheat
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•  Increase	
  fer:lizer	
  applica:on	
  –	
  CO2	
  effects	
  are	
  
stronger	
  for	
  well-­‐fer:lizer	
  crops	
  

•  Elevated	
  CO2	
  could	
  reduce	
  irriga:on	
  demand	
  (in	
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  cases)	
  

•  Elevated	
  CO2	
  could	
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  rainfed	
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water	
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Role	
  of	
  CO2	
  in	
  GCMs	
  &	
  EMIC	
  
Carbon	
  Cycle–Climate	
  Feedbacks	
  

Increases	
   in	
   CO2	
   and	
   temperature	
   have	
   opposite	
   effects	
   on	
   the	
   carbon	
  
sink:	
   increases	
   in	
   atmospheric	
   carbon	
   dioxide	
   s:mulate	
   photosynthe:c	
  
uptake	
  of	
  CO2	
  in	
  a	
  “CO2	
  fer:liza:on”	
  effect	
  that	
  dampens	
  anthropogenic-­‐
induced	
   increases	
   in	
   atmospheric	
   CO2,	
   and	
   increases	
   terrestrial	
   carbon	
  
storage	
  by	
  1.35	
  Gt-­‐C/ppm	
  increase	
  in	
  atmospheric	
  CO2	
  (Bonan,	
  2008)	
  

CO2	
  effects	
   Climate	
  effects	
  



Total	
  posi:ve	
  radia:ve	
  forcings	
  resul:ng	
  from	
  feedbacks	
  between	
  the	
  terrestrial	
  biosphere	
  and	
  the	
  atmosphere	
  are	
  es:mated	
  to	
  
reach	
  up	
  to	
  0.9	
  or	
  1.5	
  W	
  m−2	
  K−1	
  towards	
  the	
  end	
  of	
  the	
  twenty-­‐first	
  century,	
  depending	
  on	
  the	
  extent	
  to	
  which	
  interac:ons	
  with	
  
the	
  nitrogen	
  cycle	
  s:mulate	
  or	
  limit	
  carbon	
  sequestra:on.	
  This	
  substan:ally	
  reduces	
  and	
  poten:ally	
  even	
  eliminates	
  the	
  cooling	
  
effect	
  owing	
  to	
  carbon	
  dioxide	
  fer:liza:on	
  of	
  the	
  terrestrial	
  biota.	
  (Arneth	
  et	
  al.,	
  2010)	
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Next	
  steps	
  

•  Expand	
  FACE	
  experience	
  and	
  develop	
  
collabora:on	
  between	
  agronomists	
  and	
  crop	
  
modelers	
  

•  CTWN	
  modeling	
  sensi:vity	
  (Global	
  Gridded	
  Crop	
  
Modeling	
  Ini:a:ve	
  phase	
  2)	
  

•  Communica:on,	
  science/policy	
  interac:on	
  
à 	
  understand	
  challenges	
  for	
  adapta:on	
  by	
  

prac::oners,	
  farmers…etc.	
  	
  
e.g.	
  Adapta:on	
  Futures	
  conference	
  in	
  Rooerdam,	
  
May	
  10-­‐13	
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Regional disparities in the beneficial e�ects of
rising CO2 concentrations on crop
water productivity
Delphine Deryng1,2,3*, Joshua Elliott1,2, Christian Folberth4,5, Christoph Müller6,
Thomas A. M. Pugh7,8, Kenneth J. Boote9, Declan Conway10, Alex C. Ruane11,2, Dieter Gerten6,12,
JamesW. Jones9, Nikolay Khabarov5, Stefan Olin13, Sibyll Schapho�6, Erwin Schmid14, Hong Yang4

and Cynthia Rosenzweig11,2

RisingatmosphericCO2 concentrations ([CO2])areexpected to
enhance photosynthesis and reduce crop water use1. However,
there is high uncertainty about the global implications of
these e�ects for future crop production and agricultural
water requirements under climate change. Here we combine
results from networks of field experiments1,2 and global crop
models3 to present a spatially explicit global perspective
on crop water productivity (CWP, the ratio of crop yield
to evapotranspiration) for wheat, maize, rice and soybean
under elevated [CO2] and associated climate change projected
for a high-end greenhouse gas emissions scenario. We find
CO2 e�ects increase global CWP by 10[0;47]%–27[7;37]%
(median[interquartile range] across the model ensemble) by
the 2080s depending on crop types, with particularly large
increases in arid regions (by up to 48[25;56]% for rainfed
wheat). If realized in the fields, the e�ects of elevated
[CO2] could considerably mitigate global yield losses whilst
reducing agricultural consumptive water use (4–17%). We
identify regional disparities driven by di�erences in growing
conditions across agro-ecosystems that could have implica-
tions for increasing food production without compromising
water security. Finally, our results demonstrate the need to
expand field experiments and encourage greater consistency
in modelling the e�ects of rising [CO2] across crop and
hydrological modelling communities.

Research indicates unabated climate change will exacerbate
water scarcity around the world4,5. This is thought to threaten
agricultural productivity and food security, especially in arid
regions6–8, where agriculture relies heavily on irrigation and
consumes the majority of diverted freshwater9. Yet, rising
atmospheric CO2 concentrations ([CO2]), despite directly
contributing to climate change, have the potential to increase crop
water productivity (CWP; defined here as the ratio of crop yield

to total crop water use over the growing season) by enhancing
photosynthesis and reducing leaf-level transpiration of plants1,2. If
these e�ects can be harnessed to increase crop yields and reduce
water consumption in agriculture at national to continental scales,
this could greatly help in ensuring food and water security for a
rapidly growing global population10.

The enhancement of photosynthesis rates in C3 crops and
the reduction in stomatal conductance—and thus water loss—in
both C3 and C4 crops under elevated [CO2] is well supported
by numerous plant manipulation experiments1,11. The extent to
which such mechanisms eventually enhance crop yields and reduce
evapotranspiration (ET) is less well understood on large scales12–14,
but observations of crops grown under elevated [CO2] (Free Air
Carbon Enrichment, FACE) show that an average increase of 13%
in yields and 5% reduction in ET can be expected1,15. However,
FACE experiments are for the most part located in temperate
regions, whereas tropical and arid regions, where food security
is most threatened6, are under-represented16,17. Given the strong
dependence of CO2 e�ects on environmental conditions and the
limited coverage of FACE experiments for representing the diversity
of agricultural production systems worldwide16,17, process-based
modelling is needed to assess the scope of beneficial e�ects of
elevated CO2 on CWP18. The few such studies that exist rely on
singlemodels, for example, refs 19,20, and therefore do not cover the
range of uncertainty embedded in cropmodellingmethodology, and
particularly in calculations of the e�ect of rising [CO2] on yields of
C3 crops (for example, Fig. 4 in ref. 21), which can lead to substantial
variation in simulated impacts, for example, refs 3,22.

Here we present a spatially explicit global assessment of e�ects
of elevated [CO2] on future CWP originating from a large ensemble
of simulations, resulting from a recent international modelling
intercomparison exercise3. The model ensemble comprises six
global gridded crop models (GGCMs), with simulations using
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